This paper presents the operation of a Multi-agent system (MAS) for the control of a smart grid. The proposed Multi-agent system consists of seven types of agents: Single Smart Grid Controller (SGC), Load Agents (LAGs), a Wind Turbine Agent (WTAG), Photo-Voltaic Agents (PVAGs), a Micro-Hydro Turbine Agent (MHTAG), Diesel Agents (DGAGs) and a Battery Agent (BAG). In a smart grid LAGs act as consumers or buyers, WTAG, PVAGs, MHTAG & DGAGs acts as producers or sellers and BAG act as producer/consumer or seller/buyer. The paper demonstrates the use of a Multi-agent system to control the smart grid in a simulated environment. In order to validate the performance of the proposed system, it has been applied to a simple model system with different time zone i.e. day time and night time and when power is available from the grid and when there is power shedding. Simulation results show that the proposed Multi-agent system can perform the operation of the smart grid efficiently.
Introduction
The security and resiliency of electric power supply to serve critical facilities are of high importance in today's world. In India, with the increasing complexity of power grids, growing demand and growing concerns for environment accentuate the leap towards something 'smarter'. Instead of building large electric power grids and high capacity transmission lines an intelligent approach is essential for transforming the existing power grid to a 'smarter grid' widely referred as 'smart grid'. Smart grid technologies have the potential to transform the existing grids to more efficient, self healing, reliable, safer and less constrained grids [1] .
A smart micro-grid can be defined as a low voltage distribution network with distributed energy resource (DER) units, such as the distributed generation (DG) units and distributed storage (DS) units and loads. The DG units utilize Diesel Engines, Micro turbines, Fuel Cells, Photovoltaic (PV) panels, small wind turbines, and combined heat and power (CHP) systems. The capacity of the DG sources varies from few kW to 1-2 MW. The DS units could be flywheels, energy capacitors and batteries.
The micro-grid can be made smarter by integrating advanced sensing technologies, control methods and communication techniques [1] [2] [3] . Smart grids can benefit customers through providing uninterruptible power, enhancing local reliability, reducing transmission loss, and supporting local voltage and frequency.
As the DER units typically operate at a distribution voltage level and geographically close to loads, smart micro-grids are developed to interconnect the energy sources and loads in a relatively small area, such as a suburban community, a university or school, a commercial area, and an industrial site. Besides the environmental benefit of using more renewable energy sources, a smart grid can either be interconnected to the main grid as a single aggregated load (or generator) or in case of external faults or periods of emergency, it has the capability to separate, or island, from the main grid and operate independently, within limits. Significant research works have been carried out on operation and control of smart grid. Current trends to control and monitor the operation of electrical power systems are however moving towards the use of an automated agent technology, known as multi-agent system. In recent years, multi-agent based approach is proposed/adopted to provide intelligent energy control and management systems in smart grids. Multi-agent systems have become the focus of intense research in European countries [4, 5] .
In India, a lot is yet to be done towards making power grids smarter and reliable, capable of taking self correcting decisions for optimal scheduling of generation resources. In this paper the operation of a multi-agent system for the control of a smart grid is described in an Indian scenario.
Present power scenario of India is described in Section II. The rest of the paper is organized as follows: Section III gives the Multi-agent approach to smart grid operation. Multi-agent technology is shortly introduced. An overview of the related work, general management and control concept based on the related work is presented with the help of a process flow-chart. In Section IV Simulation results are presented based on the proposed approach. Section V concludes the paper.
Present Power Scenario of India
The relationship between power consumption and national economic development has a great significance. Indian power sector is facing challenges and despite significant growth in generation over the years, it has been suffering from shortages and supply constraints. All India region-wise generating installed capacity (MW) of power utilities is given in Table 1 [6] and the corresponding pie chart is shown in Figure 1 .
India's electricity sector is amongst the world's most active players in renewable energy utilization, especially wind energy. As of December 2011, India had an installed capacity of about 22.4 GW of renewal technologies-based electricity. In1990, the capacity of renewable energy sources (RES) was 18 MW whereas the generation during the year 1989-1990 was 6 MU in India. Initially, the annual capacity addition was very slow, but from 2008 onwards the contribution from RES is considerable. In 2012, the RES capacity was 24503. 45 MW and the percentage share of RES in total generation capacity was 12.26% which is expected to increase to 17.12% by 2017. The percentage share of RES in total generation in India during 2011-12 was around 5.5 %.
The category-wise details of electricity generation in the country during August 2012 and during April 2012 to August 2012 are given below in Table 2 [7] . 
Multi-Agent Based Operation of Smart Grid

Multi-Agent System
A multi-agent system is a combination of several agents working in collaboration pursuing assigned tasks to achieve the overall goal of the system. The multi-agent system has become an increasingly powerful tool in developing complex systems that take advantages of agent properties: autonomy, sociality, reactivity and pro-activity. The multi-agent system is social-able in that they interact with other agents via some kind of agent communication language. The agents also perceive and react to their environment. Lastly, the multi-agent system is proactive in that they are able to exhibit goal-oriented behavior by taking initiatives [1] [2] [3] [4] [8] [9] [10] [11] [12] .
In the context of power systems, multi-agent technologies can be applied in a variety of applications, such as to perform power system disturbance diagnosis, power system restoration, power system secondary voltage control and power system visualization. Some of the recent researchers have implemented multi-agent system to control the operation of a smart grid.
Agent Model of the Proposed Smart Grid
The proposed model of the smart grid consists of several agents that communicate and coordinate with each other. The smart grid model that is used in the proposed application is simple, since we focus mainly on the cooperation of agents. Figure 2 shows the architecture of the smart grid. Smart grid is connected to the main grid. The Smart Grid Controller announces the time zone (day/ night) and availability of grid. The production units that belong to the smart grid adjust their set points based on their availability, the time zone, availability of the grid, grid price, their operational cost and the load demand [1] . a) Load Agent (LAG) LAG is installed at each load centre. Main functions of LAG are: i.
Load Forecasting: LAG makes a prediction about the demand of next day. The forecast demand for electricity is determined from the historical data and the weather forecast for tomorrow. ii. Sending Message: LAG sends a request message to SGC for the power purchase. The message includes the amount of power and its price. iii. Receiving Message: LAG receives from SGC a message that tells from where to purchase the electric power. b) Battery Agent (BAG) BAG, installed at each battery centre, has attributes such as the amount of charge, the capacity and the status (charge/discharge). The following describes the main functions of BAG.
i.
Measurement of the state of charge: BAG conducts to measure the amount of battery charge. Battery is charged when Grid is available and discharged when Grid is not available. ii. Sending Message: BAG sends a request message to SGC for the power purchase or sale. The message includes the amount of power and its price. iii. Receiving Message: BAG receives from SGC a message that tells when to purchase or sale the electric power. c) Smart-Grid-Controller (SGC) SGC, a special purpose agent facilitates the negotiation process of the multi-agent system. The following describes the main functions of the SGC. i.
Controlling the timing of the negotiation: SGC suggests the timing of the negotiation by sending a message to open the market to all agents in the smart grid. ii. Decision making of the operation: SGC makes a decision of the operation of producer or producer/consumer agents. d) Wind Turbine Agent (WTAG) WTAG, installed at each wind turbine generator, has attributes such as the generator available power. The following describes the main functions of WTAG. i.
Sending Message: WTAG sends a request message to SGC for the power sale. The message includes the amount of power and its price. ii. Receiving Message: WTAG receives from SGC a message that tells where to sale the electric power. e) Photo-Voltaic Agent (PVAG) PVAG, installed at each photo-voltaic generator, has attributes such as the generator available power. The following describes the main functions of PVAG. i.
Sending Message: PVAG sends a request message to SGC for the power sale. The message includes availability, the amount of power and its price. ii. Receiving Message: PVAG receives from SGC a message that tells where to sale the electric power. f) Micro-Hydro Turbine Agent (MHTAG) MHTAG, installed at each micro-hydro turbine generator, has attributes such as the generator available power. The following describes the main functions of MHTAG. i.
Sending Message: MHTAG sends to SGC a message to request for the power sale. The message includes the amount of power and its price. ii. Receiving Message: MHTAG receives from SGC a message that tells where to sale the electric power. g) Diesel Generator Agent (DGAG) DGAG, installed at each diesel generator, has attributes such as the generator minimum/maximum output value. The following describes the main functions of DGAG. i.
Sending Message: DGAG sends to SGC a message to request for the power sale. The message includes the amount of power and its price. ii. Receiving Message: DGAG receives from SGC a message that tells where and when to sale the electric power. h) Steps for Sorting Process The sorting algorithm (flow chart as shown in Figure 3 ) for available generating resources (producers) is explained as below:
Step 1: Collect the following data of the available sources/ producers: (i) Power cost per unit (ii) Availability of the producer (iii) Power availability with the producer Assign ID in numeric to the producer(s).
Step 2:
(i) Sort the array of producers in the order of price (ii) The producers which are available and can give power at that time slot are sorted in ascending order of cost/price. Step3: Read the Demand (Load).
Step 4: Identify the producers which can fulfill the demand using the array sorted in Step 2, individually or in combination.
Step 5: Send the producer ID and capacity to SGC. i) Negotiation Process Negotiation is one of the key processes for the multiagent system to successfully attain its goal. Flow-chart in Figure 4 shows the negotiation process.
There are seven types of agents in the proposed system viz. SGC, LAG, BAG, PVAG, WTAG, MHTAG and DGAG.
The main objective is to fulfill the demand (load) at a particular time by minimizing the use of diesel generators as their per unit price outreach other available sources. To accomplish this, the agents are required to cooperate and coordinate so that they make efficient use of the power supplied by other sources at the time of power shedding. SGC is informed about the demand, producer availability and the operating cost per unit of different producers in one negotiation cycle. At the time of power shedding, if the electrical power in the smart grid is insufficient, demand is fulfilled by the diesel generators. SGC sends a message of announcement of tender to all agents in the smart grid every 10 minutes. SGC is suggested to control the timing of the negotiation process. All buyer agents in the smart grid reply a message of purchase of electrical power. The message includes the amount of electrical power i.e. Demand 'D'. All producer agents in the smart grid reply a message of sale of electrical power. The message includes the generator available power, their availability at a particular time and their operating cost per unit.
In the next step, sorting of producers and the grid is done depending upon their availability and operating costs in ascending order of price per unit. This sorted list is then sent to the SGC that makes a decision on operation of different producers based on this generated list.
The demand is checked with the power available with the producer. If the demand is not fulfilled by first producer, SGC sends operation command to next producer and so on until the demand is fulfilled. Finally, generation load pattern is displayed for a given time period and next negotiation cycle begins.
Simulation Results
Assumptions
The case study considers a township located in India. It comprises of 150 houses inhabited with modern amenities, education sector, health centre, super market, elevators, flour mill, laundry, a community hall and water pump. Typical household appliances include lighting, refrigerator, AC/heater, geyser, TV, washing machine, micro wave, electric cooker i.e. a max load of 5kVA to 10kVA. Super market facilities include lighting, refrigerator/freezer (max consumption 15kW), AC/heater. Medical health centre facilities include lighting, refrigerator, AC/heater. Education sector facilities include lighting, AC/heater, laboratory equipments.
The Smart Grid consists of a Load Agent (LAG), Wind Turbine Agent (WTAG), two Photo-Voltaic Agents (PVAGs), Micro-Hydro Turbine Agent (MHTAG), two diesel generator agents (DGAGs) and a Battery Agent (BAG). The maximum capacity of each agent is shown in Table 3 . Table 4 [13]. In India, tariff is same for peak as well as off-peak hours. Due to shortage of electricity, power cuts (power shedding) are common in India. To avoid a total black out of the power system, electricity delivery is stopped for non-overlapping periods of time over different parts of the distribution regions.
Demand power of the LAG, as shown in Figure 5 is the data of township under consideration during day time and night time. Four simulations are carried out on this smart grid model. Table 6 shows the content of the case studies. 
Case1: Day time and power is available from the grid
This is the case when grid is available. Any amount of power can be taken from the grid. WTAG price is less compared to grid. SGC takes the decision to fulfill the load demand by WTAG as shown in figure 6. When the load demand is more compared to the power available by WTAG, power is taken from grid. The demand is fulfilled at a lower price. Case 2: Day time and power is not available from the grid This is the case when load demand is more. Due to power shedding power is not available from the grid. Power is taken from WTAG & BAG and demand is fulfilled as shown in figure 7 . If the demand is not fulfilled by these producers, SGC fetch power from MHTAG, PVAGs & DGAGs. Load demand is fulfilled at a lower price. Simulation results show that the multi-agent approach is promising in smart grid operations.
Case 3: Night time and power is available from the grid This is the case when load demand is fluctuating. Any amount of power can be taken from the grid. WTAG price is less compared to grid. SGC takes the decision to fulfill the load demand by WTAG as shown in figure 8 . When the load demand is more compared to the power available by WTAG, power is taken from the grid. Load demand is fulfilled at a lower price.
Case 4: Night time and power is not available from the grid This is the case when load demand is less. Due to power shedding power is not available from the grid. Power is taken from WTAG and BAG and demand is fulfilled as shown in figure 9 . If the demand is not fulfilled by these producers SGC fetch power from MHTAG and then from DGAG. Load demand is fulfilled at a lower price. Simulation results show that the multi-agent approach is promising in smart grid operation.
Conclusions
This paper presents the benefits of multi-agent system for smart grid operation. This is achieved effectively through the negotiation skills and coordination of actions between SGC and various agents. The proposed approach is validated in a simulated environment that considers both the availability and outage conditions of the power grid. Based on the method, the algorithm and various test case scenarios, it is found that the proposed multi-agent approach is viable in smart grid operations.
